Isomers of retinoic acid are considered likely regulators of developmental pattern formation in vertebrate embryos. The orphan receptor COUP-TFI, which can alter cellular responses to retinoic acid in cultured cells, is expressed in distinct regions of the developing zebrafish and mouse anterior central nervous system. We asked if COUP-TFI can modulate retinoic acid signaling and anterior neural development in a vertebrate embryo by examining: (1) whether COUP-TFI could alter transcriptional responses to retinoic acid in Xenopus embryonic explants, and (2) whether misexpression of COUP-TFI could regulate anterior neural gene expression during early Xenopus development. The results from these studies show that COUP-TFI is a potent regulator of retinoic acid-induced gene expression in Xenopus embryonic cells, and that misexpression of COUP-TFI causes deficiencies in anterior neural structures and head development in Xenopus embryos with a concomitant change in anterior neural gene expression. These results support the proposition that COUP-TFI has a role in the elaboration and patterning of anterior neural gene expression in vertebrates, possibly via effects on the retinoic acid signaling pathways.
Introduction
All trans retinoic acid (all-trans-RA) has been shown to affect cellular differentiation and development in a number of ways (De Luca, 1991) . In vertebrates, alltram-RA is a known teratogen that can alter pattern formation in several model systems including the chick limb bud (Tickle et al., 1982; Summerbell, 1983) , the mouse vertebral column (Kessel and Gruss, 1991) , the zebrafish central nervous system (Holder and Hill, 1991) and Xenopus primary axis formation (Durston et al., 1989; Sive et al., 1990) . In addition to the potent teratogenic effects of exogenous all-trans-RA in developing organisms, endogenous all-trans-RA has been detected in chick (Thaller and Eichele, 1987) and Xenopus (Durston et al., 1989) embryos, leading to the suggestion that all-trans-RA may function as a mor-* Corresponding author, Tel.: (206) phogen providing positional information in developing vertebrate embryos (Green, 1990) . Recently, we have shown that the 9-cis isomer of retinoic acid (9-cis-RA) is also present endogenously in Xenopus embryos and that the amount of 9-cis-RA in these embryos varies both spatially and temporally during early development (Creech Kraft et al., 1994) . Furthermore, 9-cis-RA has been shown to be a potent dysmorphogen in Xenopus embryos (Creech Kraft et al., 1994) and chick wing buds (Thaller et al., 1993) , approximately 6-fold and 25-fold more potent than all-trans-RA in these two systems, respectively. Thus it is likely that 9-cis-RA could also function, either independently or in conjunction with all-trans-RA, to provide cells with positional and/or differentiation information during embryonic development.
Further support for a role for retinoids in early development comes from studies in which a deficiency of Vitamin A (retinol, a precursor of all-trans-RA and 9-cis-RA) was found to cause developmental defects in vertebrate embryos (Wilson et al., 1953) . Surprisingly, 0925-4773/95/.$09.50 0 1995 Elsevier Science Ireland Ltd. All rights reserved SSDI 0925-4773(94)00 346-O Vitamin A deficiency in early vertebrate development frequently presents a spectrum of developmental defects similar to those induced by treatment with high levels of exogenous all-truns-RA, including dysmorphogenesis of CNS structures and structures derived from neural crest cells (Maden and Holder, 1991) ; in agreement with these earlier studies, inhibitors of RA signaling in Xenopus have been shown to cause defects in head development (Schuh et al., 1993) . Equally surprising are recent findings indicating that maximum levels of both all-trans-RA and 9-cis-RA are found in the head region of neurula stage Xenopus embryos (Creech Kraft et al., 1994) , the same region which shows maximum sensitivity to the dysmorphogenic effects of exogenous administration of retinoids (Durston et al., 1989; Sive et al., 1990) . Taken together, these results suggest that retinoids are important for the normal development of the head. However, the embryo clearly must maintain tight control on the level and activity of all-trans-RA and 9-cis-RA since even small changes in RA levels leads to anterior malformations.
The cellular responses to all-truns-RA and 9-cis-RA are thought to be mediated by two families of nuclear receptors, the retinoic acid receptors (RARs) and the retinoid X receptors (RXRs), which are members of the steroid/thyroid hormone receptor superfamily (Leid et al., 1992) . These retinoid receptors apparently function as ligand-modulated transcription factors, the RARs recognizing both all-trans-RA and 9-cis-RA and RXRs responding preferentially to 9-cis-RA (Allenby et al., 1993) . Current models of retinoic acid function in the regulation of gene expression suggest that the receptors for these ligands bind as dimers to their respective DNA sequences; at present, there is evidence for homodimer and heterodimer formation involving RARs and RXRs (Leid et al., 1992) . Thus, the activity of the retinoic acid signaling pathways during development could be regulated at several levels. For example, the concentration and localization of the ligands, all-trans-RA and 9-cis-RA, could be controlled by regulating the pathways of retinoic acid metabolism (see for example, MarshArmstrong et al., 1994; McCaffery and Drager, 1994) ; in the case of all-truns-RA, the concentration of free ligand could be regulated by the levels of the cellular retinoic acid binding proteins (CRABPs) (Maden et al., 1989) . Likewise, the concentration and localization of specific members of the RAR and RXR families could also be regulated. Additionally, it has become apparent that other members of the nuclear receptor superfamily, such as COUP-TFI (chicken ovalbumin upstream promotertranscription factor), can alter the responses of cells to retinoic acids. Notably, cell culture studies have shown that COUP-TFI is a potent inhibitor of transcriptional activation by RARs, RXRs, the Vitamin D receptor (VDR) and the thyroid hormone receptor (TR) (Kliewer et al., 1992; Cooney et al., 1992; Tran et al., 1992 Two recent reports demonstrated that COUP-related genes are expressed in distinct areas within the anterior central nervous system during early zebrafish and mouse development (Fjose et al., 1993; Qiu et al., 1994) and, in each case, the COUP factors were proposed to have a role in regulating anterior neural development in vertebrates via effects on retinoid signaling pathways. However, the ability of COUP factors to directly affect cellular retinoid responses in vertebrate embryos, or affect the expression of anterior neural genes and early neural development, were not examined in these studies. In order to test the hypothesis that COUP factors play a role in regulating anterior neural development in vertebrates by modulating responses to retinoids, we have studied the function of COUP-TFI, a highly conserved member of the COUP factor family (Fjose et al., 1993; Qiu et al., 1994) , in the Xenopus embryo. The relative ease of manipulating Xenopus embryos and misexpressing gene products in these embryos has allowed us to examine the effects of COUP-TFI on retinoid signaling and anterior neural development in a vertebrate embryo. The results from these studies show that COUP-TFI is a potent inhibitor of all-truns-RAand 9-cis-RA-induced gene expression in Xenopus embryos. Misexpression of COUP-TFI in embryos leads to altered expression of anterior neural genes and results in anterior truncations, suggesting a role for RA isomers in the development of these structures. These results support the proposal that COUP-TFI plays an active role in the patterning of anterior neural tissue in vertebrate embryos, possibly by regulating cellular responses to retinoids. Of the hormonal response systems affected by COUP-TFI, both the receptors and ligands for only the retinoid signaling system are currently known to be present in the early Xenopus embryo. Transcripts from at least two members each of the RAR and RXR families have been found in early Xenopus embryos (Ellinger-Ziegelbauer and Dreyer, 1991; Blumberg et al., 1992) and the spatial and temporal localization of RARy and RARa transcripts have been described (Ellinger-Ziegelbauer and Dreyer, 1991; Ellinger-Ziegelbauer and Dreyer, 1993; Sharpe, 1992; Pfeffer and DeRobertis, 1994) . Likewise, the spatial and temporal distribution of the retinoid receptor ligands all-truns-RA and 9-cis-RA have been determined in the Xenopus embryo (Creech Kraft et al., 1994) . Thus modulation of transcriptional responses to RAR and/or RXR hormone-receptor complexes is one potential mechanism whereby COUP-TFI could affect early Xenopus development.
Results

COUP-TFI is
To examine the viability of this mechanism in Xenopus embryos, we asked whether COUP-TFI could inhibit retinoic acid-induced Xlim-I expression in ani-
LANE: I
2 3 4 5 6 7 6 9 10 11 12 13 14 + XLlMl c EFla Fig. 2 . Effects of COUP-TFI on all-trans-RA-, 9-cis-RA-or activininduced Xlim-l expression in animal pole cell explants. Animal caps were harvested at stages 8-9 from uninjected embryos or embryos previously injected into the animal hemisphere of both blastomeres of two-cell embryos with COUP-TFI, A COUP or AD COUP mRNA. The harvested animal caps were then cultured for 6 h in the absence (lane 2) or presence of activin (lanes 3,6,9 and l2), all-rrans-RA (lanes 4, 7, IO and 13) or 9-cis-RA (lanes 5, 8, I I and 14) and RNA was subsequently extracted for quantitation of Xlim-I expression by RNAse protection analysis. An EF-la probe at reduced specific activity was included in these assays to control for RNA loading. RNA from eight animal caps was analyzed in each lane. Lane I contained only tRNA in the hybridization reaction.
ma1 pole cell explants. Levels of Xlim-1 transcripts have been shown to increase in Xenopus explants in response to all-trans-RA, 9-cis-RA and activin (Taira et al., 1992; Schuh et al., 1993) . The results of RNAse protection assays indicate that COUP-TFI was a potent repressor of both all-trans-RA-and 9-cis-RA-induced Xlim-I expression in animal pole cell explants ( Fig. 2 ; compare lanes 7 and 8 to lanes 4 and 5). This inhibition was not due to an RNA injection artifact since injection of equal or greater amounts of the COUP-TFI deletion mutants ( Fig. 1) , A COUP (Fig. 2 , lanes 10 and 11) and AD COUP (Fig. 2, lanes 13 and 14) , had no effects on the levels of Xlim-1 mRNA. The COUP-TFI mutant designated A COUP is missing a large portion of the putative ligand-binding domain, whereas the AD COUP mutant contains a deletion within the DNA-binding domain (Fig. 1) . Two previous studies have indicated that an intact ligand-binding domain is necessary for DNA binding, transcriptional effects and dimerization activities of COUP-related factors (Ladias and Karathanasis, 1991; Power et al., 1991) . Importantly, the inhibitory effects of COUP-TFI on Xlim-I gene expression were specific for retinoic acid-induced expression of this gene, as COUP-TFI did not repress Xlim-I expression induced by activin (Fig. 2 , lane 6). Thus COUP-TFI is a potent and specific inhibitor of gene expression induced by all-trans-RA and 9-cis-RA in Xenopus embryos.
Misexpression of COUP-TFI results in anterior truncations
In light of the ability of COUP-TFI to inhibit retinoic acid-induced gene expression, and since retinoic acid isomers have been proposed to play a role in Xenopus development prior to the time at which COUP-related transcripts were detected in zebrafish (Fjose et al., 1993) or Xenopus embryos (T.S. and D.K., unpublished observations), it seemed reasonable to expect that we could utilize misexpression (i.e. early and high level) of COUP-TFI to explore the potential role(s) of retinoic acid isomers and COUP-TFI in early development. In preliminary studies utilizing a human COUP-TFI probe, COUP-related transcripts were first detected by whole mount in situ hybridization in mid-to lateneurula stage Xenopus embryos; by tailbud stages, the hybridizable transcripts were clearly localized to distinct anterior neural regions (T.S. and D.K., unpublished observations), a result similar to that described for zebra&h (Fjose et al., 1993) . To examine the effects of COUP-TFI misexpression on early Xenopus development, we injected synthetic mRNA, transcribed from either the complete human COUP-TFI cDNA (Wang et al., 1989) or the two deletion mutants that we generated ( Fig. l) , into various regions of one-to four-cell embryos. Approximately 40% of embryos that received a total of 0.25-0.6 ng of wild-type COUP-TFI mRNA, distributed at two random injection sites within the one or two-cell embryo, showed anterior truncations at the tadpole stage (Fig. 3A) . Notably, injection of similar or even lo-fold greater amounts (2-4 ng) of mRNA encoding the COUP-TFI deletion mutants, A COUP and AD COUP, had no observable effects on Xenopus development at the stages examined ( Fig. 3A and data not shown), even though these mRNAs were translationally competent as shown by in vitro translation reactions (unpublished results). These results suggest that the observed anterior truncations were a specific effect of COUP-TFI, that required both an intact DNA-and ligand-binding domain.
The somewhat low efficiency of observed effects caused by the random injection of COUP-TFI mRNA, coupled with our knowledge of the spatio-temporal distribution of retinoids in the Xenopus embryo (Creech Kraft et al., 1994; Chen et al., 1994) , suggested that COUP-TFI may affect Xenopus development only when present in specific locations within the embryo. We therefore asked whether dorsal or ventral injection of COUP-TFI mRNA would result in an increased efliciency of anterior truncation in the test embryos. The results from experiments in which either two dorsal or two ventral blastomeres of a four-cell embryo contained injected COUP-TFI mRNA demonstrated that COUP-TFI must be present in the dorsal half of the embryo to cause alterations in anterior development (Fig. 3B-D) . Such alterations included truncation of head structures, loss of eyes and deletion of the cement gland in a large percentage of tadpoles; tail structure also was affected in a smaller fraction of the dorsally injected embryos. The small number of ventrally injected embryos that showed anterior truncations (Fig. 3B) were likely the result of injection mistakes in which a dorsal blastomere was injected instead of a ventral blastomere.
Several uninjected, control injected (A COUP) and COUP-TFI injected embryos were allowed to develop further (seven days) and were subsequently stained with alcian blue (Park and Kim, 1984) prior to examination of head structures. Alcian blue binds avidly to acid mucopolysaccharides and thus allows visualization of the cartilaginous skeleton in the head of Xenopus tadpoles, which receives a large cellular input from the cranial neural crest (Sadaghiani and Thiebaud, 1987) . Notably the anterior central nervous system (CNS) does not stain with alcian blue, however, the CNS is clearly visible against a background of alcian blue stained tissue (Fig. 4A) . Inspection of the alcian blue-stained tadpoles indicated that CNS development was significantly affected by misexpression of COUP-TFI in the dorsal region of early embryos (Fig. 4B) . In particular, neural structures in the regions normally occupied by the forebrain and midbrain were clearly disorganized or absent in COUP-TFI injected embryos. In addition, the gross morphology of the hindbrain in these embryos was also abnormal relative to control uninjected embryos (Fig. 4A ) or embryos injected with A COUP mRNA. Thus COUP-TFI misexpression in the dorsal region of Xenopus embryos results in abnormal development of anterior structures, including the CNS.
COUP-TFI inhibits the expression of anterior neural genes
In an effort to gain some insight into the timing and type of early developmental alterations that might lead to the defects observed in the anterior CNS of tadpoles injected with COUP-TFI, we examined the expression of genes in neural tissue of neurula and tailbud stage embryos. In our initial experiments, we analyzed by whole mount in situ hybridization the effects of COUP-TFI misexpression on the distribution of Krox-20 transcripts. Krox-20 is normally expressed in rhombomeres three and live of the hindbrain, and in the neural crest cells that migrate ventrally adjacent to rhombomere five (Bradley et al., 1992) . Injection of COUP-TFI mRNA significantly reduced the level of Krox-20 transcripts in neurula and early tailbud stage embryos relative to uninjected or control injected (A COUP) embryos (data not shown). However, when transcripts were detected in the COUP-TFI injected embryos, they appeared in two stripes that were similar to those found in control embryos. Since some quantitative differences in signals observed in whole mount in situ hybridization analyses would be expected due to embryo to embryo variation, the following experiment was carried out to verify our initial observations. Twocell embryos were injected with COUP-TFI or A COUP (control) mRNA at two locations within the animal hemisphere of one of the two blastomeres. Since the first cleavage plane in Xenopus generally occurs along the dorsal-ventral axis (Klein, 1987; Masho, 1990) , each blastomere of the two-cell embryo typically gives rise to Fig. 4 . Dorsal injection of COUP-TFI mRNA disrupts anterior central nervous system development. Dorsal view of uninjected (A) embryos or embryos injected with a total of 0.35 ng COUP-TFI mRNA (B) into the two dorsal blastomeres of a four-cell embryo. Embryos were allowed to develop until day 7 when they were fixed and stained with alcian blue. In (A), anterior is to the right for the left embryo and at top for the right embryo. In (B), anterior is to the left for the top embryo and at top for the lower two embryos. Arrows of increasing thickness designate examples of forebrain, midbrain and hindbrain regions, respectively, as previously described (Hausen, P. and Riebesell, M. 1991). either the left half or the right half of the embryo. Thus 5n these experiments, the uninjected half of the embryo serves as an internal control that eliminates embryo to embryo variation. The results from these experiments confirmed our initial observations and showed that COUP-TFI significantly reduced or eliminated Krox-20 expression relative to the uninjected half of the same embryo in 70 of 151 (46%) embryos (Fig. 5A-C) . As expected, A COUP had no observable effects on Krox-20 expression in these embryos (data not shown). The ability of COUP-TFI to reduce Krox-20 expression was already observable in the early to mid-neurula stage (unpublished results), suggesting that COUP-TFI was interfering with the initial up-regulation of this gene that normally occurs near the beginning of neurulation. A similar experiment was done to examine the effects of COUP-TFI mRNA injection on a second gene, En-2, expressed in the neuroepithelium. En-2 transcripts are normally found in Xenopus in a band of cells in the anterior neural plate, which are located at the tailbud stage in the region of the midbrain-hindbrain junction (Hemmati-Brivanlou and Harland, 1989) . Injection of COUP-TFI mRNA in one-half of the embryo significantly reduced or eliminated En-2 expression relative to the uninjected half (Fig. 5E ) in neurula and tailbud stage embryos (7 of 9; 78%) whereas the deletion mutant A COUP had no effect on En-2 expression (Fig.  5D) . Once again the effects of COUP-TFI mRNA injection on En-2 expression were visible by the mid-neurula stage (unpublished results). Taken together, the effects of COUP-TFI on expression of Krox-20 and En-2 suggest that COUP-TFI misexpression alters the formation and/or patterning of anterior neural structures very early in their development.
CO UP-TFI affects gene expression in cranial neural crest cells
Previously described studies have shown that inhibitors of all-trans RA signaling in Xenopus embryos alter the pattern of expression of genes in the cells of the Table 1 ). cranial neural crest (Schuh et al., 1993) . Since COUP-TFI can also inhibit retinoid signaling pathways, it was of interest to study the effects of COUP-TFI mRNA injection on the expression of genes such as Xtwi (Hopwood et al., 1989) , XDLL-1 (Dirksen et al., 1993) and XAP-2 (Winning et al., 1991) which are normally expressed in the streams of migrating cranial neural crest cells destined to populate the visceral arches. Injection of COUP-TFI mRNA clearly altered the pattern and level of Xtwi expression in cranial neural crest cells of a large fraction of test embryos (48 of 69; 69%). In most cases there was a significant decrease in the level of Xtwi expression such that staining was frequently absent in entire streams of cells of one or more of the visceral arches (Fig. 6A and B) . Notably, trunk mesodermal expression of Xtwi did not appear to be strongly affected by COUP-TFI misexpression. However, COUP-TFI misexpression may also affect trunk development, as preliminary studies indicate decreased levels of actin expression in the region of the developing somites in embryos injected with COUP-TFI mRNA (unpublished observations). Only 1 of 24 (4%) control (A COUP) injected embryos showed any alteration of Xtwi expression, demonstrating that the effects noted above were due to specific properties of wild-type COUP-TFI.
tance to demonstrate that COUP-TFI could alter the expression of an anterior gene in a system that did not involve gastrulation. We therefore carried out experiments in which neural induction occurred in conjugates composed of stage 10.5 (early gastrula) dorsal lips and stage 9 (late blastula) ectoderm (animal caps; see Fig.  7A ). Ectodermal explants cultured in isolation do not produce neural tissue or express neural genes such as Krox-20 (Bolce et al., 1992) , however, such explants are able to form neural tissue in response to neural inducing signals from mesoderm present in the dorsal lip (Sharpe and Gurdon, 1990) and have been shown to express Krox-20 transcripts in response to activin (Bolce et al., 1992) , a protein capable of indirectly inducing neural tissue in Xenopus ectodermal explants.
Similar results were observed when we examined the effects of COUP-TFI on the expression of XDLL-1 (Fig.  6C and D) and XAP-2 (data not shown). XDLL-1 expression in cranial neural crest cells was significantly reduced and/or altered in 8 of 13 (61%) late neurula/early tailbud stage embryos. Expression of XDLL-1 transcripts in the region of the cement gland was also affected in many of these same embryos. None of the 48 embryos injected with A COUP mRNA showed any alteration in expression of either XDLL-I or XAP-2 in cranial neural crest cells. Overall these results demonstrate that COUP-TFI misexpression alters the expression of genes in cranial neural crest cells.
When control (uninjected) conjugates were examined at the equivalent of tailbud stages for Krox-20 expression by whole mount in situ hybridization, 69% of the conjugates displayed detectable Krox-20 staining (Table  1) . Likewise, 64% of conjugates that consisted of uninjetted ectoderm coupled with dorsal lip previously injected with COUP-TFI mRNA also expressed Krox-20 ( Fig. 7C and Table 1 ). Interestingly, a number of the conjugates of each type displayed two stripes of Krox-20 expression. In contrast, only 14% of conjugates consisting of uninjected dorsal lips and COUP-TFI injected animal cap ectoderm expressed Krox-20 at detectable levels ( Fig. 7B and Table 1) ; the level of Krox-20 staining in these conjugates, when it was detectable, was noticeably lower than that of the other two conjugate types. This data indicates that COUP-TFI affects the expression of Krox-20 via direct effects on the cells of the neuroepithelium itself and not through effects on the underlying dorsal mesoderm. These results also eliminate the possibility that undetected gastrulation defects alone could account for all the observed effects of COUP-TFI misexpression on Xenopus development.
Discussion
COUP-TFI must be present in the neural epithelium to alter Krox-20 expression
The ability of injected COUP-TFI to affect anterior neural gene expression could potentially be due to very minor effects on gastrulation that would not be noted upon visual inspection. It was therefore of major imporThe absence of an identified ligand for COUP-TFIrelated receptors has led to a fruitful search for potential ligand-independent functions for these receptors. A number of reports have shown that COUP-TFI protein can interfere with cellular responses to all-trans-RA, 9-cis-RA, Vitamin D, thyroid hormone and estrogen Table 1 Conjugates of stage 10.5 dorsal lips and stage 9 animal caps that express COUP mRNA in dorsal marginal zone COUP mRNA in animal cap
Number of conjugates
Conjugates expressing
Krox-20 C-1 (-) 13 9 (69%) (+) (-) 22 14 (64%) (-) (+) 22 3 (14%) (Kliewer et al., 1992; Cooney et al., 1992; Tran et al., 1992; Liu et al., 1993) . Although not examined in each case, the ability of COUP-TFI to inhibit gene activation by these hormones likely involves competitive binding of COUP-TFI to the same gene regulatory sites recognized by the nuclear receptors for these hormones and/or through COUP-TFI heterodimer formation with RXRs (Cooney et al., 1993) . The interaction of COUP-TFI with RXRs presumably prevents RXRs from forming transcriptionally active heterodimers with RAR, VDR and TR. These functions are likely to be conserved among different vertebrate COUP-TFIs since 100% of the amino acids in the DNA binding region and 99% of the amino acids in the carboxy-terminal half of the protein, which encompasses the putative ligand binding region, are conserved between the human COUP and the zebrafish COUP (Fjose et al., 1993) and since 99% of the amino acids in the entire human and mouse COUP-TFI proteins are identical (Qiu et al., 1994) . A role for COUP factors in development was first provided by the finding that the zebrafish COUP (svp [44] ) and a COUP-related gene (~~~1461) are localized to specific anterior regions in the early zebrafish embryo (Fjose et al., 1993) . To address whether COUP factors could have a role in regulating anterior neural fate by regulating the response to RA, we have asked two questions: (1) can COUP-TFI prevent RA-induced gene expression in embryos and (2) can COUP-TFI regulate the expression of anterior neural genes? We have shown that COUP-TFI can prevent the induction of Xlim-I by both all-trans-RA and 9-cis-RA, without perturbing the induction of Xlim-1 by activin, demonstrating that COUP-TFI can specifically inhibit the RA-mediated induction of at least one gene in Xenopus embryos.
Misexpression of COUP-TFI in Xenopus embryos led to anterior truncations and malformations within the brain. These results were likely to be due to perturbations in gene transcription, since expression of the anterior neural markers, En-2 and Krox-20, and the anterior neural crest markers, XDLL-1, XAP-2, and Xtwi, were reduced in embryos injected with COUP-TFI. The changes in gene expression were not due to subtle alterations in gastrulation since the same result was observed for Krox-20 in conjugates of dorsal mesoderm and ectoderm. The conjugate experiments also demonstrated that COUP-TFI does not cause alterations to the signaling property of mesoderm, since conjugates of dorsal mesoderm from COUP-TFI injected embryos with ectoderm from uninjected embryos expressed Krox-20 normally. Only when the ectoderm was isolated from COUP-TFI injected embryos was the expression of Krox-20 altered. These results indicate that COUP-TFI functions to alter the expression of neural genes within the neural plate. The results do not definitively distinguish between effects of COUP-TFI misexpression on neural patterning versus effects on localized, regional neural induction; however, since some neural tissue overlapping the normal expression domain of these markers was clearly present (Fig. 4) it seems likely that COUP-TFI affects neural patterning.
COUP-TFI function in early vertebrate development
The zebrafish COUP homolog svp [44] is expressed in the anterior region of the midbrain and in the most anterior region of the hindbrain at the onset of svp [44] expression in the 1 l-12 h old embryo, near the beginning of somitogenesis. A COUP-related gene, svp [46] , is expressed in two stripes in the anterior and middle of the hindbrain at the same time. Since the onset of COUPrelated gene expression, at least as observed by in situ hybridization, is after the onset of expression of neural genes such as Krox-20 and En-2, COUP-TFI clearly does not play a role in the initial localized expression of these genes. However, a later role for COUP-TFI in precisely defining and maintaining the correct pattern of expression of these two genes and others should be investigated, since our results, showing that ectopic expression of COUP-TFI eliminates En-2 and Krox-20 expression, argue that the precise timing and localization of COUP-TFI expression is important for anterior neural development. Notably, the murine homolog of COUP-TFI was isolated in a screen for retinoic acidinduced genes in P19 embryonal carcinoma cells induced by all-trans-RA to differentiate into neural derivatives (Jonk et al., 1994) , suggesting that retinoic acid-induced expression of COUP-TFI could be a part of the process of neural induction and/or patterning. In light of this result, it is reasonable to speculate that the induction of COUP-TFI expression in the mid-to lateneurula embryo (possibly by an RA isomer) may be one mechanism whereby cells originally sensitive to retinoic acid signaling become resistant to such signals, thus explaining the increasing resistance of neurula stage Xenopus embryos to the gross anterior dysmorphogenic effects of high levels of exogenous retinoids (retinol, alltrans-RA, 4-oxo-RA and 9-cis-RA) (Durston et al., 1989; Pijnappel et al., 1993; Creech Kraft et al., 1994) . Thus COUP-TFI, together with the various RARS, RXRs, and CRABPs, could interact at later stages to modulate the action of retinoids in the tine scale patteming of the anterior central nervous system.
Similar effects of RA excess and RA deficiency in vertebrate development
It is seemingly unintuitive that a potential inhibitor of retinoic acid function, COUP-TFI, causes developmental defects that mimic those induced by an excess of administered retinoic acid isomers. However, this is not an isolated observation; the effects of Vitamin A deficiency on the development of vertebrate embryos has been well documented (Wilson et al., 1953 ) and the related effects of retinoid deficiency and retinoid excess have been previously noted (Maden and Holder, 1991) . One possible explanation for these findings is that retinoic acid isomers must be tightly regulated both spatially and temporally for normal development to proceed. As we have previously suggested, retinoid signaling may be important for the normal development of structures within the head (Schuh et al., 1993; Creech Kraft et al., 1994 ). An excess (or early administration) of retinoids could thus be expected to alter the formation of the head, as could retinoid deficiency (or inhibition of retinoid signaling pathways). The specific molecular changes elicited by these treatments are likely to be quite different, causing effects on embryonic development that are only superficially similar. It will therefore be of great interest to determine which genes within the head require retinoids for their expression, and to determine exactly how alterations in retinoid signaling modulates their patterns of expression.
Experimental procedures
I. Materials
All-trans retinoic acid was purchased from Sigma. 9-cis retinoic acid and recombinant human activin A were generous gifts from Hoffmann-LaRoche and Genentech, respectively.
Embryo culture
Fertilized Xenopus embryos were prepared as previously described (Newport and Kirschner, 1982) . The jelly coat was removed by treatment with 2% cysteine (pH 7.8) and the embryos were rinsed with 0.1 x MMR (1 x MMR is 0.1M NaCl, 2 mM KCI, 1 mM MgS04, 2 mM CaC12, 5 mM Hepes, pH 7.8). Embryos were maintained in 0.1 x MMR at 16"-23°C and developmental stages determined according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1956 ).
COUP-TFZ plasmid and RNA microinjection
cDNA encoding human COUP-TFI (Wang et al., 1989) was inserted into the unique BgnI site of pSP64T (Krieg and Melton, 1984) utilizing Bg/II linkers. Two COUP-TFI deletion mutants were also prepared as controls for RNA injection experiments: [l] COUP-TFI in pSP64T was cut with PstI and re-ligated to form A COUP, which is missing nucleotides 717-1020 which code for amino acids in the COOH-terminal half of COUP-TFI; [2] COUP-TFI in pSP64T was cut with AZwM and the 3 '-overhang was removed with T4 DNA polymerase (Fig. 1) . The linearized plasmid was subsequently cut with XmnI and the blunt ends were ligated to form AD COUP. AD COUP is missing nucleotides 363-450 which code for amino acids found in the COOH-terminal third of the COUP-TFI zinc-finger motif. Capped synthetic mRNA was transcribed from Sac1 (COUP-TFI, AD COUP) or XbaI (A COUP) linearized plasmids using SP6 RNA polymerase (Krieg and Melton, 1984) . Five to twenty nanoliters of solution containing up to 5 ng of RNA was microinjected into one-to four-cell embryos as described (Moon and Christian, 1989) . Dorsal or ventral blastomere RNA injections were performed on four-cell embryos that had been previously tipped and marked on the dorsal side (Peng, 1991) .
In situ hybridization
Whole mount in situ hybridization was performed using digoxigenin-labelled RNA probes (Harland, 199 1) with the exception that the RNAse treatment was omitted. Anti-sense probes corresponding to XAP2-da (Winning et al., 1991) , Xtwi (Hopwood et al., 1989) , XDLL-2 (Dirksen et al., 1993) , En-2 (Bolce et al., 1992) , Krox-20 (Bradley et al., 1992) and Xiim-Z (Taira et al., 1992) were prepared as described or as previously noted (Schuh et al., 1993) . COUP-TFI (Wang et al., 1989) antisense probe was prepared by linearizing pGEM-7Zf(+) (Promega) containing the full-length human COUP-TFI cDNA with HindIII and transcribing with T7 RNA polymerase. COUP-TFI cDNA in pGEM was linearized with XhoI and transcribed with Sp6 RNA polymerase to prepare the sense probe.
ZZNAse protection assays
Animal pole cell explants were isolated from uninjetted stage 8-9 embryos or embryos previously injected in the animal hemisphere at the two-cell stage with 0.4 ng COUP-TFI mRNA, 3 ng of A COUP or 2 ng of AD COUP mRNA (Kimelman and Maas, 1992) . Xlim-2 expression was induced by treatment of animal pole cell explants with recombinant human activin A (2.4 @ml), all-tram retinoic acid (6 PM) or 9-cis retinoic acid (0.6 PM). Animals caps were harvested after 6 h of treatment and RNA was prepared as described (Krieg and Melton, 1984) . RNAse protection assays (Krieg and Melton, 1984) utilizing an anti-sense transcript from the Xlim-2 gene (Taira et al., 1992) were performed as previously described (Schuh et al., 1993 ). An EF-ICY (Krieg et al., 1989) probe prepared at reduced specific activity was added to the RNAse protection assays as a control for sample loading.
Alcian blue staining of embryos
Embryo pigments were bleached with 0.5% KOH and 0.85% H202 for 15-30 min, and embryos were subsequently washed repeatedly with water. Embryo cartilage was stained for 6-48 h with 0.1% alcian blue dissolved in a 70:30 (v:v) ethanol:glacial acetic acid solution as described (Park and Kim, 1984) .
Embryo conjugate experiments
Two-cell embryos were injected with 0.4 ng COUP-TFI mRNA either into the animal pole or dorsal equatorial region. Pairwise combinations of injected and uninjected stage 9 animal pole cell explants and stage 10.5 dorsal lips (30"-45" arc of tissue above the newly formed dorsal blastopore lip) were prepared and cultured until sibling embryos reached stage 21 (early tailbud). Conjugates were subsequently fixed and examined for Krox-20 transcripts by whole mount in situ hybridization analysis (Harland, 1991) .
